INTRODUCTION
A vineyard is perpetually plagued by numerous pests resulting in quantitative and/or qualitative harvest losses. Attacks are manifested in several forms: aerial and underground animal pests; fungal, bacterial and viral diseases. Fungal infections by Plasmopara viticola or by Erysiphe necator, pathogens responsible for downy mildew and powdery mildew, respectively, are the main causes of economic losses in vineyards (Šrobárová and Kakalíková 2007) . To protect vineyards against these diseases, viticulture consumes large quantities of pesticides, and more particularly fungicides (80% of pesticides used in viticulture) (European Commission 2007) . Among these fungicides, the most common products used for vineyard protection are copper and sulfur preparations, the only active compounds authorized for organic viticulture (Regulation 2012) .
Copper and sulfur-based fungicides have been used for more than a century, and the effectiveness of these products in controlling these pathogens has been widely studied (see García et al. 2003; Williams and Cooper 2004 for review) , but their uncontrolled effects on other organisms such as the yeasts present on grapes remain poorly documented. In a previous study, we compared the impacts of three different phytosanitary treatments by pyrosequencing: organic (copper and sulfur fungicides), conventional and ecophyto (corresponding to dose reduction compared with conventional treatment) treatments on the biodiversity of fungal populations on grape berries (Grangeteau et al. 2017) . A decrease in biodiversity (number of genera and Shanon's index) was measured for three successive vintages for the grapes of the plot protected with the organic treatment compared to other treatments. The impacts of chemical and biological fungicides (based on copper and/or sulfur) on yeast diversity were also compared by Milanovic et al. (2013) . These authors also observed lower diversity of yeast species and of the Saccharomyces cerevisiae genotype for grape must from the organic vineyard. Moreover, Martins et al. (2014) showed a correlation between the dose of copper applied to the vineyard and a reduction in the diversity of yeasts present on berries. However some studies show a greater yeast biodiversity on grape berries and in grape must from the organic vineyard compared to a conventional vineyard (Comitini and Ciani 2008; Cordero-Bueso et al. 2011; Tello et al. 2012; MorrisonWhittle, Lee and Goddard 2017) . These contradictory results can be explained by the influence of many other parameters as active ingredient spraying, grape varieties, geographical location of the vineyard, rainfall, sampling method, identification techniques and finally intravine variation (plot level) (Hierro et al. 2006; Xufre et al. 2006; Nisiotou, Spiropoulos and Nychas 2007; Barata et al. 2008; Barata, Malfeito-Ferreira and Loureiro 2012; Setati et al. 2012; Bagheri, Bauer and Setati 2015; Setati, Jacobson and Bauer 2015) . Moreover, the duration of the withholding period that varies according to the active ingredient spraying may influence the yeast communities on grape berries at the time of the harvest (Cadez, Zupan and Raspor 2010) . It is therefore important to know the direct effect of the treatments applied to the yeasts in order to understand the importance of this parameter on the yeast communities present on the grape berries.
The copper resistance and mechanisms involved have mainly been studied in both model species S. cerevisiae and Candida albicans (Fogel et al. 1983; Tohoyama et al. 1995; Weissman et al. 2000; Soares, Hebbelinck and Soares 2003; Yasokawa et al. 2008; Adamo et al. 2012a) . Two genes were characterized as being implicated in copper resistance in S. cerevisiae: ACE1 and CUP1 (Tohoyama et al. 1995) . The CUP1 gene encodes a metallothionein that causes the detoxification of copper by chelation. Thus, Cu(II) is reduced to Cu(I) and imported in the cell. Then a part of Cu(I) binds to the Ace1 protein, forming an Ace1-Cu(I) complex. This complex binds to the promoter of the CUP1 gene and induces its transcription and the production of a large amount of metallothioneins that bind to Cu(I) (Tohoyama et al. 1995) . Copper resistance has been shown to be strain dependent as a function of the copy number of the CUP1 gene (Fogel and Welch 1982; Yasokawa et al. 2008; Adamo et al. 2012b) . CUP1 and CRP1 genes are involved in the detoxification of copper in the yeast C. albicans (Weissman et al. 2000) . The CRP1 gene encodes a copper transporter type P ATPase. The Crp1 protein acts as a copper extrusion pump. This catalytic mechanism is very effective in the presence of high concentrations of copper, whereas Cup1 allows only the chelation of the residual copper in the cytoplasm. Thus, C. albicans has greater resistance than S. cerevisiae at high concentrations of copper (Weissman et al. 2000) .
Few studies have focused on the resistance to copper of yeasts isolated from the environment. Vadkertiová and Sláviková (2006) studied the resistance to copper of yeast isolates belonging to 15 species isolated from water, soil and tree leaves. These authors showed very high interspecific and intraspecific variations linked to copper resistance. No strain was able to grow at a concentration higher than 10 mM of copper (equivalent 0.635 g Cu/L), but this concentration was tolerated by some strains of Cryptococcus laurentii, Metschnikowia pulcherrima and Pichia americana species. Amiranashvili et al. (2012) studied the capacity of more than 170 yeast strains isolated from vine from flowering to maturity to degrade two pesticides containing copper oxychloride (Cihom Blue and Neoram). These authors showed that the impact on yeast growth differs as a function of the concentration of copper oxychloride. Only 22% of the strains tested grew in the presence of Cihom Blue (5 g/L) and 44% in the presence of Neoram (4 g/L).
Studies on the effect of elemental sulfur on yeast (as employed in vine protection) are still less numerous compared to those on copper resistance. Cordero-Bueso et al. (2014) evaluated the sulfur resistance of nine yeast strains belonging to nine species (Candida apicola, C. sorbosa, Hanseniaspora guilliermondii, Lachancea thermotolerans, M. pulcherrima, Rhodotorula mucilaginosa, S. cerevisiae, Torulaspora delbrueckii and Wickerhanomyces anomalus) isolated from grape must and spontaneous fermentations. H. guilliermondii, R. mucilaginosa, S. cerevisiae and T. delbrueckii species are able to resist up to 10 mg/L of sulfur. In contrast, the species C. apicola is inhibited by a sulfur concentration of 2.5 mg/L. Minimum inhibitory concentrations range from 7.5 to 10 mg/L for W. anomalus and M. pulcherrima strains, and from 5 to 7.5 mg/L and from 2.5 to 5 mg/L for C. sorbosa strain and L. thermotolerans strain, respectively. These results were obtained for a single strain of each species and therefore do not take into account intraspecific variability.
The objective of this work was to study the sensitivity to copper and sulfur of vine and wine relevant yeast species in order to understand the effect of these treatments on the yeast communities present on grape berries.
MATERIALS AND METHODS

Yeast collection
Yeast isolates studied (156) belong to the collection of the Laboratory VAlMiS (strains isolated from grape berries or grape must). Two Saccharomyces cerevisiae strains were also used: a commercial strain (IOC Be Fruit) and the reference strain S288C.
Identification of yeast isolates
Identification of yeast isolates was performed by Fouriertransform infrared (FT-IR) spectroscopy (Kümmerle, Scherer and Seiler 1998) using a Tensor 27 spectrometer coupled with an HTS-XT unit (Bruker, Ettlingen, Germany), as described by Grangeteau et al. (2015) . After standardization of the cell culture, the cells were harvested and resuspended in sterile demineralized water, then transferred to a zinc selenide (ZnSe) optical plate and dried in a desiccator to form a thin transparent film suitable for FT-IR measurements. Standardization of the cell culture allows the avoidance of changes in the composition of the cells and therefore of the spectrum linked to the growth broth, growth temperature and growth time. Absorption spectrum of an unknown yeast isolates is measured and compared to a collection of reference spectra of about 3000 strains belonging to 215 species representing all wine relevant strains. Identifications were realized at species level, except for the genus Metchnikowia, where it is difficult to discriminate between M. pulcherrima and M. fructicola species (Grangeteau et al. 2016; Gutiérrez et al. 2017 
Copper and sulfur resistance of yeasts
Resistance to copper and sulfur was determined for 156 yeast isolates and two references strains.
Initially, a growth curve was obtained for all the isolates in order to normalize the experiment to study the resistance to copper and sulfur. After pre-culture of 24 to 72 h at 30
• C in YPD broth, a defined volume of each pre-culture was deposited in liquid YPD broth to reach a final volume of 2 mL, with an absorbance at 660 nm of 0.05, and incubated at 30
• C. The growth of each isolate was observed by spectrophotometer absorbance measures at 660 nm (A 660nm ) every 4 h for 32 h, after linear agitation for 30 s. This growth monitoring was performed in 24-well microtiter plates.
To study copper resistance after pre-culture for 72 h, a defined volume of each pre-culture (A 660nm = 0.05) was deposited in different liquid YPD media supplemented with copper (CuSO 4 [0 to 0.635 g/L of Cu]), to reach a final volume of 2 mL and incubated at 30
• C. Yeast growth was measured by monitoring absorbance for 30 h at 28
• C. The isolates were considered tolerant when the optical density at the end of the cell suspension corresponded to more than 20% of the optical density of the copperfree control. For each isolate, the maximum tolerate concentration (MTC) was calculated. This was the highest concentration allowing cell growth.
To study the effect of sulfur, after pre-culture for 72 h yeast isolates were cultivated for 72 h on YPD solid medium containing increasing amounts from 0 to 16 g/L of sulfur (Thiovit, Syngenta, France). Isolates were considered tolerant when at least 100 CFU/mL were observed. For each isolate, as described previously for the experimentation with different concentrations of copper, the MTC was also calculated. This was the highest concentration allowing growth.
RESULTS
Copper sensitivity of different yeast species
Copper tolerance of isolates belonging to the species Aureobasidium pullulans, Hanseniaspora guilliermondii, Hanseniaspora uvarum, Metschnikowia sp., Pichia membranifaciens, Saccharomyces cerevisiae and Starmerella bacillaris was evaluated (Fig. 1) . Figure 1A shows the average MTC for each species tested. All MTCs are close and comprised between 0.206 and 0.295 g Cu/L. Moreover, a high variability of tolerance to copper exists between the isolates of the same species (shown by high standard deviation, especially A. pullulans and S. bacillaris). Thus, these results do not allow the demonstration of a clear difference in copper tolerance between species. So, the percentage of isolates able to grow as a function of the different copper concentrations tested has been calculated for each of the species studied (Fig.  1B) .
Independent of the species, all the isolates tested are tolerance to 0.127 g Cu/L but none to 0.635 g Cu/L. Between these two concentrations, yeast tolerance to copper is variable depending on the species. All the isolates of H. uvarum have the same tolerance to copper (>0.206 g Cu/L 
Sulfur sensitivity of different yeast species
The sulfur resistance of yeasts was also tested for the same isolates as those with copper (Fig. 2) . A large number of these isolates (102 isolates) of the different species studied grew at the maximum concentration tested, making it difficult to establish an average MIC. So the average MTC for each species tested has been calculated ( Fig. 2A) . MTCs comprised between 5.5 g S/L for the species S. bacillaris and higher than 15.7 g S/L for the isolates of the genus Metschnikowia sp. Two species appear to be particularly sensitive to sulfur compared to the others: St. bacillaris and P. membranifaciens, with an average MTC of 5.6 g/L and 5.3 g/L of sulfur, respectively. However, as with copper, resistance to sulfur is very variable between isolates of the same species (showed by high standard deviation), especially for the two species P. membranifaciens and S. bacillaris. Figure 2B shows the percentage of isolates that grew as a function of the different sulfur concentrations tested. In agreement with Fig. 2A , sulfur resistance depends on the species. The species A. pullulans, H. guilliermondii and Metschnikowia sp. are less affected by sulfur than the other species. Indeed, more than 95% of the Metschnikowia sp. isolates, 88% of the H. guilliermondii isolates and 85% of the A. pullulans isolates are able to grow with 16 g/L of sulfur. Moreover, all the isolates of Metschnikowia sp. grow with 8 g/L of sulfur. H. uvarum and S. cerevisiae also have high sulfur resistance: all the isolates are able to grow with 8 g/L of sulfur and about 65% of isolates are able to grow with 16 g/L of sulfur. In contrast, only 10% and 12% of isolates of the species S. bacillaris and P. membranifaciens are able to grow with 16 g/L, respectively. Furthermore, 40% of the isolates of St. bacillaris and 50% of the isolates of P. membranifaciens are unable to grow in the presence of sulfur.
DISCUSSION
The effects of vineyard protection on the yeast populations present on berries or grape musts have been studied by numerous authors (Guerra et al. 1999; Comitini and Ciani 2008; Cordero-Bueso et al. 2011; Setati et al. 2012; Tello et al. 2012; Milanović, Comitini and Ciani 2013; Martins et al. 2014; Grangeteau et al. 2017) . Although these studies systematically show an effect of the type of protection on yeast populations, many of these results are contradictory. These contradictions are probably in large part due to the fact that the denominations of protections, 'conventional', 'organic', 'integrated', 'biodynamic', etc., bring together a wide range of practices. However, a number of these publications describe a lower yeast biodiversity in vineyards using organic management. Furthermore, dominance or significant presence of Aureobasidium pullulans was observed for vineyards in organic both in Austria on Sauvignon Blanc (Schmid et al. 2011) and in France on Merlot for two different vineyards near Bordeaux (Martins et al. 2014) . For Martins et al. (2014) , the absence of some species, and therefore a decline in diversity, could be related to their lower resistance to copper. In this study, the copper resistance of 158 isolates belonging to 7 vine and wine relevant species of yeast were tested. All the isolates tested were resistant to more than 0.127 g Cu/L, demonstrating high resistance to copper compared to other yeasts isolated from different environments (water, soil and tree leaves). Indeed, Vadkertiová and Sláviková (2006) showed that depending on the environment studied, between 60% and 90% of yeasts are not tolerant to a copper concentration of 0.127 g Cu/L. However, S. cerevisiae strain S288C is able to grow at 0.206 g Cu/L, whereas for Vadkertiová and Sláviková (2006) no isolates of this species, irrespective of its original environment, were able to grow at a dose higher than 0.127 g Cu/L. Moreover, all the isolates tested in this study were inhibited at a concentration of 0.635 g Cu/L, whereas for Vadkertiová and Sláviková (2006) some isolates of Metschnikowia sp., as well as other species not tested in this study, were able to grow at this concentration but not above it. These differences can be explained by the high variability in intraspecies copper sensitivity observed in our work and in the study of Vadkertiová and Sláviková (2006) . However, this intraspecific variability is not as high for all species. Indeed, all the isolates of the Hanseniaspora uvarum species had identical resistances to copper. This low variability was already shown by Albertin et al. (2015) who examined the copper resistance of 30 strains of H. uvarum. Differences between species also exist. For some species, a majority of isolates were sensitive to 0.318 g Cu/L with no very low sensitive isolates (H. guilliermondii, H. uvarum, Metschnikowia sp., P. membranifaciens and S. cerevisiae) . On the contrary, for the species A. pullulans and Starmerella bacillaris, very low sensitive isolates (growth at 0.413 g Cu/L) were found and in the case of St. bacillaris a few isolates appear sensitive to 0.318 g Cu/L or less. This is the first time that the low sensitivity (isolates able to grow at 0.318 g Cu/L or more) of some strains of St. bacillaris to copper has been shown, but the mechanisms that allow this high resistance have not yet been elucidated. On the other hand, the resistance of the species A. pullulans to copper is already known and could be explained in part by the biosorption of copper by the melanin produced by this species (Gadd and Rome 1988) . Melanin has indeed been shown to have a strong affinity for copper (Gadd and Mowll 1985) , which reduces the concentration of available and therefore potentially toxic copper in the medium. Moreover, this species has a lower cation absorption rate than other species of yeasts such as S. cerevisiae (Gadd 1981) . This lower absorption rate may allow maintaining a lower concentration of intracellular copper, resulting in lower sensitivity to the copper concentration in the medium. In addition, organic viticulture is also characterized by the considerable use of elemental sulfur for protection against powdery mildew. Thus, the sensitivity to sulfur of certain species could also explain the lower biodiversity observed for the organic modality.
In this work, resistance to sulfur is much more heterogeneous than copper resistance between and within species. Very few isolates have intermediate resistance and most of them are either very resistant or extremely sensitive to sulfur. Indeed, although a large proportion of the strains tested were able to grow regardless of the sulfur concentration, some strains were able to grow only in the absence of sulfur. This lack of resistance is particularly true for a large proportion of P. membranifaciens and S. bacillaris isolates. This very high sensitivity of certain yeast strains has already been shown for Candida apicola, C. sorbosa, Lachancea thermotolerans, Metschnikowia pulcherrima and Wickerhamomyces anomalus (one strain per species) by Cordero-Bueso et al. (2014) who tested sulfur concentrations between 2.5 and 10 mg/L. In our study, a minority (15%) of A. pullulans isolates were also very sensitive whereas 85% of the isolates of this species were able to grow to 16 g/L of sulfur. Metschnikowia sp., H. guilliermondii and A. pullulans species had high sulfur resistance: between 85% and 95% of isolates were capable of growing at a concentration of 16 g/L of sulfur.
The strong resistance of A. pullulans to sulfur can be explained by its ability to use inorganic sulfur. Indeed, this species possesses an enzymatic system that oxidizes elemental sulfur into sulfate ions (Killham, Lindley and Wainwright 1981) . Further works are needed to characterize this enzymatic system and to seek similar systems in other species resistant to sulfur such as Metschnikowia sp. and H. guilliermondii.
Although many isolates of the species St. bacillaris are very resistant to copper (about 20% of isolates able to grow to 0.413 g/L copper concentration), this species seems very sensitive to sulfur (about 25% of isolates are able to grow without sulfur). Conversely, the species Metschnikowia sp. appeared highly resistant to sulfur for almost all the strains tested, but poorly resistant to copper. Only the species A. pullulans, therefore, possessed the necessary resistance to both these two antifungal molecules and can develop on berries in organic viticulture. It should be noted that A. pullulans is also a very good biocontrol agent that can limit the development of Botrytis cinerea, Rhizopus stolonifer, Aspergillus niger and As. carbonarius on grape berries (Schena et al. 1999 (Schena et al. , 2003 Dimakopoulou et al. 2008) . These capacities combined with its resistance to inorganic antifungals used in organic viticulture make it the first choice as an organic biological control agent.
CONCLUSION
A selection of yeast isolates by the two main fungicides used in organic viticulture (copper and sulfur) uses was demonstrated. This effect explained the lower yeast diversity observed by different authors in organic vineyards when only these two fungicides are allowed. Indeed, although some species were able to withstand one of both of these two fungicides (e.g. Metschnikowia sp. for sulfur and Starmerella bacillaris for copper), none except Aureobasidium pullulans appeared to be able to withstand both products. This led to the sharp decrease or disappearance of the most sensitive species proportionally, and to the strong dominance of the species A. pullulans. Whereas some mechanisms involved in resistance to copper and sulfur for this species are known, further studies are needed to describe the resistance mechanisms of other non-Saccharomyces yeasts.
It should also be noted that these two products (copper and sulfur) can be applied simultaneously or sequentially. A synergistic effect of the two products could therefore exist which would be interesting to test in future studies.
Moreover, high intraspecific variability exists in most species regarding their resistance to copper or sulfur. Thus, in addition to selecting the most resistant species, the most resistant strains should also be selected. Future studies should be carried out the intraspecific biodiversity of yeasts on berries and the intraspecific differences in resistance of yeasts to antifungals depending on their origin.
